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ABSTRACT
Soil Water Dynamics Within Variable Rate Irrigation Zones of Winter Wheat
Elisa Anne Woolley
Department of Plant and Wildlife Sciences, BYU
Master of Science
Understanding the spatial and temporal dynamics of soil water and crop water stress within a
field is critical for effective Variable Rate Irrigation (VRI) management. Proper VRI can result
in improved protection of the crop from early onset of crop water stress while minimizing runoff
and drainage losses. The objectives of this study are (1) to examine zone delineation for
informing irrigation recommendations from volumetric water content (VWC) and field capacity
(FC) to grow similar or greater wheat yields with less water, (2) evaluate the ability to model soil
and crop water dynamics within a season and within a field of irrigated winter wheat, and
evaluate the sensitivity of crop water stress, evapotranspiration and soil water depletion outputs
within a water balance model with Penman-Monteith evapotranspiration (ET) in response to
adjusted soil properties, spring volumetric water content (VWC), and crop coefficient model
input values. Five irrigation zones were delineated from two years of historical yield and
evapotranspiration (ET) data. Soil sensors were placed at multiple depths within each zone to
give real time data of the VWC values within each soil profile. Soil samples were taken within a
22 ha field of winter wheat (Triticum aestivum ‘UI Magic’) near Grace, Idaho, USA multiple
times during a growing season to describe the spatial variation of VWC throughout the field, and
to assist in modeling soil water dynamics and crop water stress through energy balance and water
balance equations. Spatial variation of VWC was observed throughout the field, and on a smaller
scale within each zone, suggesting the benefit of breaking portions of the field into zones for
irrigation management purposes. Irrigation events were triggered when soil sensors detected low
values of VWC, with each zone receiving unique rates intended to refill to zone specific FC.
Cumulative irrigation rates varied among zones and the VRI approach saved water when
compared to an estimated uniform Grower Standard Practice (GSP) irrigation approach. This
method of zone management with soil sampling and sensors approximately represented the
VWC within each zone and proved beneficial with effective reduction of irrigation rates in every
zone compared to an estimated GSP. As such, there was a delay in the premature onset of crop
water stress throughout some areas of the field. Variability in soil properties and spring soil
moisture were key in giving accurate values to the model in order to make proper VRI
management decisions. When assessing the model sensitivity, changing the inputs such as FC,
wilting point (WP), total available water (TAW), spring VWC and crop coefficient (Kc) by -4 to
+4 standard deviations away from their spatially average values, impacted the outputs of the
model, with Kc having a large impact all three of the outputs. Further work is needed to improve
the accuracy of representing VWC throughout a field, thus improving VRI management, and
there is potential benefit in using a variable crop coefficient could to more accurate VRI
management decisions from a soil water depletion model.
Keywords: variable rate irrigation, winter wheat, zone delineation, field capacity, volumetric
water content, soil sensors, evapotranspiration, soil spatial variability, crop coefficient, sensitivity
analysis, soil water depletion model
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CHAPTER 1
Measuring Soil Water Dynamics Within Variable Rate
Irrigation Zones of Winter Wheat
Elisa A. Woolleya, Neil C. Hansena, Ruth Kerryb, Matthew Heatonc, Ryan Jensenb, Bryan G.
Hopkinsa
a
Department of Plant and Wildlife Sciences, Brigham Young University, Provo, UT
b
Department of Geography, Brigham Young University, Provo, UT
c
Department of Statistics, Brigham Young University, Provo, UT
Master of Science

ABSTRACT
Understanding the spatial and temporal dynamics of soil water within a field is critical for
effective Variable Rate Irrigation (VRI) management. Proper VRI can result in improved
protection of the crop from early onset of crop water stress while minimizing runoff and drainage
losses. The objective of this study is to examine zone delineation for informing irrigation
recommendations from volumetric water content (VWC) and field capacity (FC) to grow similar
or greater wheat yields with less water. Five irrigation zones were delineated from two years of
historical yield and evapotranspiration (ET) data. Soil sensors were placed at multiple depths
within each zone to give real time data of the VWC values within each soil profile. Soil samples
were taken within a 22 ha field of winter wheat (Triticum aestivum ‘UI Magic’) near Grace,
Idaho, USA multiple times during a growing season to describe the spatial variation of VWC
throughout the field. Spatial variation of VWC was observed throughout the field, and on a
smaller scale within each zone, suggesting the benefit of breaking portions of the field into zones
for irrigation management purposes. Irrigation events were triggered when soil sensors detected
low values of VWC, with each zone receiving unique rates intended to refill to zone specific FC.
Cumulative irrigation rates varied among zones and the VRI approach saved water when
1

compared to an estimated uniform Grower Standard Practice (GSP) irrigation approach. This
method of zone management with soil sampling and sensors approximately represented the
VWC within each zone and proved beneficial with effective reduction of irrigation rates in every
zone. As such, there was a delay in the premature onset of crop water stress throughout some
areas of the field. Further work is needed to improve the accuracy of representing VWC
throughout a field, thus improving VRI management.

INTRODUCTION
Crop yields are spatially variable. This is true even in fields that appear somewhat uniform.
For example, Svedin et al. (2018, 2019) found that wheat (Triticum aestivum spp.) yields ranged
from 2.3 to 10.6 Mg ha-1 in a field with minimal spatial variability.
Traditionally, agricultural irrigators seek to apply uniform irrigation in fields to
accommodate the driest areas of the field (de Lara et al. 2017), to maximize yield, and/or to meet
field average crop water demands. However, uniform irrigation of fields with inherent spatial
variability ignores variations in soil properties, topographic features, microclimates, pest
pressure, and other factors that affect crop water use (Svedin et al., 2018, 2019). As a result,
uniform irrigation has potential to create water deficits in some areas within a field and surpluses
in others (King et al. 2006).
Spatial variation of yield and of crop water use have been linked to the variability of a wide
variety of soil physical and chemical properties, such as: soil texture, depth, soil water holding
capacity (SWHC), and apparent soil electrical conductivity (ECa) (Haghverdi et al. 2015;
Longchamps et al. 2015; Sadler et al. 2005), as well as organic matter, topography, compaction,
hydrophobicity, sub-surface layers, depth, nutrient deficiencies, pH, salinity/sodicity, and soil
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borne pathogens, nematodes and insects. The most visually obvious spatial differences are
related to topography. However, high within-field variability in soil water properties has even
been observed in mechanically leveled fields with minimal topographical undulations (Daccache
et. al. 2015; Longchamps et al. 2015). Svedin et al. (2018, 2019) found surprisingly large
differences in soil water holding capacity (SWHC) in a field with minimal variation in many soil
properties and topographical features.
Soil properties are used to delineate Variable Rate Irrigation (VRI) zones (de Lara et al.
2017; Hedley et al. 2009a; Hedley and Yule 2009b; Messick et al. 2017). Utilizing the spatial
variability of SWHC to inform VRI within a field can maximize crop production per unit of land
and water (O’Shaughnessy et al, 2019). Soil water holding capacity is a static soil property and
has been shown to influence yield and crop water use (Sadler et al. 2005; Zhao et al. 2017),
including within field variations of these properties (Haghvardi et al. 2015; Longchamps et al.
2015). As such, VRI zones are commonly delineated from the variation in SWHC (de Lara et al.
2017, Haghvardi et al. 2015, Hedley and Yule 2009b; King et al. 2006; Lo et al. 2017).
While within field variability of soil properties is important for characterizing VRI zones,
topographical features could also play a role in zone delineation. Common topographic features
used to describe within field variability are elevation, slope, aspect, and curvature (Huang, 2008;
Maestrini and Basso, 2018; Moore et al., 1993). Water tends to move within fields from areas of
higher relative elevation to lower areas of the field and often results in higher yields in the lower
areas (Maestrini and Basso, 2018; Kravchenko et al., 2000, Svedin et al., 2018, 2019).
Combining topographical features and historical yield patterns has been useful in delineating
irrigation management zones for VRI (Huang, 2008).
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While VRI zone delineation based on static soil properties or topographical features is
common, some research has indicated that considering dynamic soil or crop factors could
improve VRI management (Evans and King 2012; Evans et al., 2013; Longchamps et al., 2015).
Examples of dynamic factors include depth of soil water in spring, crop water stress, and disease
or pest pressure (Evans and King 2012; Evans et al., 2013; Longchamps et al., 2015; Svedin et
al., 2018, 2019). These dynamic factors combine with the static variation of soil properties, to
make complex and variable spatial patterns of evapotranspiration (ET) within a field. Modeling
daily ET for estimating crop water demand, utilizing soil water sensors, and remote sensing of
the crop canopy are approaches that have been used to describe these spatially variable patterns
(Jimenez et al. 2019; Hedley and Yule 2009a; Hedley and Yule 2009b; Vories et al. 2019).
Svedin et al. (2018, 2019) found variable soil water dynamics throughout a field of winter wheat,
such as spring VWC, that were effective variables in predicting late season crop water stress in
arid regions. (O’Shaugneassy et al., 2012).
Although irrigation zones have been characterized with soil and topographical properties,
other dynamic field data (eg. historical yield and ET) may improve the delineation of zones.
Svedin et al. (2018, 2019) collected two years of yield data in a field growing winter wheat, as
well as previous year’s yield data in that same field. Consistency in yield patterns were apparent,
which could have an impact on irrigation zones. Combining yield data with ET throughout that
field could give answers to which parts of the field are most productive with the water given, and
could inform growers on how to break out their zones to most efficiently irrigate their fields.
Soil water sensors can provide temporally dense information that can assist in VRI management
(Bianchi et al., 2017; López-Riquelme et al., 2017). Soil water sensors that measure matric
potential (MP) or volumetric water content (VWC) are commercially available and can log and

4

transmit data to show temporal variation. Cost of sensors generally prevents their use for high
density spatial coverage within a field and selecting locations for sensors within a field presents
an important challenge.
The objectives of this study were to: (1) develop VRI zones using spatially variable yield and
ET, (2) create spatially and temporally unique irrigation rates within VRI zones based on soil
VWC sensors, (3) assess changes and differences in VWC from soil sensors throughout the
season with the application of irrigation events, and (4) measure spatial variation of VWC from
soil samples taken throughout the field at different dates within the growing season, and compare
the range of VWC within VRI management zones to the range of VWC across the entire field.

MATERIALS AND METHODS
Study Site
This study was conducted in 2019 on a winter wheat (Triticum aestivum ‘UI Magic’)
field (22 ha) following potato (Solanum tuberosum L.). The cropping system is based on a with a
wheat-wheat-potato rotation in a field located near Grace, ID, USA (elevation 1687 m above sea
level; 42.60904 latitude and -111.788 longitude). This is a semi-arid region with a climate
typified with relatively hot days and cool nights during the summer growing season, with about
80 to 110 frost-free days. Average annual precipitation is 0.39 m with the majority of the
precipitation occurring during winter as snow, which often blows and accumulates variably
based on topography and surface soil tillage/plant residue. The historical average precipitation
for the May-August wheat growing seasons is 0.15 m. However, precipitation was relatively
sparse during the time of this trial, with precipitation between spring soil sampling and harvest
totaling 0.092 m in 2019. Precipitation is supplemented during the growing season with
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irrigation using a 380 m center pivot with a 5 m nozzle spacing equipped with a VRI system
(Growsmart Precision VRI, Lindsay Zimmatic, Omaha, NE, USA). Irrigation events occurred
every 5-7 d in spring and every 3-5 d during summer at peak ET. Irrigation water was not
applied to areas in the field with exposed bedrock and, as such, was not included in the study—
even though this is certainly part of the water savings for this field as a function of VRI.
The soil is a silty clay loam Rexburg-Ririe complex, with 1 to 4 % slopes. There is some
variability in topography but limited variability in terms of soil properties with texture analysis at
42 sites all being classified as silty clay loam. Rexburg and Ririe soils are coarse-silty, mixed,
superactive, frigid Calcic Haploxerolls that derive from alluvial influenced loess. The field also
has patchy areas, totaling 0.3 ha, of shallow and emerged basalt bedrock that are not farmed. The
field has a relatively uniform topography, with only a 6 m difference between lowest and highest
elevation (Fig. 1-1). Conventional best practices for soil, pest, and crop management were
utilized by the grower.

Soil Sampling and Analysis
A variogram of the normalized difference vegetation index (NDVI) from bare soil imagery of
the filed site was computed to identify the scale of soil spatial variation. The variogram had a
range of ~140 m. Following the guideline developed by Kerry and Oliver (2003) that one should
sample at an interval of approximately half the variogram range, the interval of 70 m was used
for the main sampling grid (46 samples). Additional samples points (56 samples) were located at
random points along the grids to strengthen the sensitivity of the geostatistical analysis. This
sampling scheme was used to calculate spatial variation of soil VWC content and soil water
depletion over time. Soil samples were collected at 85 points within the field site in 2016 and
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2017. In 2019, sample locations were a combination of 46 samples on a 70 m grid and 56
samples located as random nested points. Soil samples were collected on April 18 and August
20, 2016, May 4 and September 1, 2017, and 23 April, 30 May, 25 June, and 5 September 2019.
These samples were used within each year to calculate ET from a season-long water balance
equation, calculate crop water productivity (CWP), initialize a daily soil water depletion model,
and compute reliable variograms for kriging, the geostatistical estimation procedure (Webster
and Oliver 2001). Mid-season soil samples were collected in 2019 to provide further in-depth, inseason validation calculations for the soil water depletion model used. Soil samples were
collected using a 0.051 m diameter soil probe in 2016 and 2017. In 2019 soil probes were driven
into the profile with a modified gas-powered post driver (AMS, Inc. American Falls, ID, USA).
At each sampling point, a soil core was taken to approximate the depth of rooting at increments
of 0-0.3, 0.3-0.6, 0.6-0.9, and 0.9-1.2 m. Samples were sealed for transport to the laboratory
where gravimetric soil water was determined by drying in a forced air oven at 105oC until
consistent weights were reached. Soil gravimetric water content was converted to VWC using
soil bulk density values determined in 2016 from previous samples (Svedin et al., 2018, 2019).
Prior to geostatistical analysis of each variable, summary statistics were calculated and
histograms plotted. If the skewness of the data set was outside the bounds of ±1, then the data
was transformed to logarithms for variogram computation and back transformed to the original
scale following kriging (Kerry and Oliver 2008). Where notable trends were identified in the
data, variograms were computed using regression models fitted on the coordinates of the data
and analyses performed on the residuals of the fitted function. Following variogram computation,
each variable was ordinary kriged to a 5 m grid. All variograms were computed and kriging done
using SpaceStat (BioMedware, SpaceStat 4, Ann Arbor, MI, USA), and ArcGIS desktop:
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Release 10 (Redlands, CA, USA). JMP Pro 14 (SAS Institute, Cary,, NC, USA) was used for
distribution statistics and box plot analysis.

Evapotranspiration
The season long, total ET was calculated for each sampling location within the field using the
following water balance equation:
𝐸𝐸𝐸𝐸 = 𝑃𝑃 + 𝐼𝐼 + ∆𝑆𝑆 – 𝑅𝑅𝑅𝑅 – 𝐷𝐷

where P is total season-long precipitation (m), I is total season-long irrigation (m), ∆S is the
change in the depth of soil water in a 1.2 m deep profile between sampling events at spring
green-up and harvest, RO is surface water runoff (m), and D is soil water drainage (m) below
sampling depth. Drainage was calculated as any amount of water that exceeded site specific field
capacity values for the 1.2 m deep profile from a separate daily soil water balance. The daily soil
water balance used reference ET and crop coefficients from the Cooperative Agricultural
weather network AgriMet (US Department of Interior Bureau of Reclamation, Pacific Northwest
Region; https://www.usbr.gov/pn/agrimet/wxdata.html ). Seasonal RO was assumed negligible
because the greatest daily precipitation event was 8.6 mm with infiltration rates greater than this
amount and no visible indications of surface water movement. The season-long ET water balance
calculation began at the date of spring soil sampling and ended at the date of the fall soil
sampling.

Yield
Grain was harvested with a commercial combine equipped with a calibrated yield monitor
(New Holland Inteliview 4, Turin, Italy) using a mass flow sensor collecting yield data every 10
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m2. The yield data was processed as described by Kerry and Oliver (2003). Erroneous data points
were defined as outside the limits of ± 75% of the median. In addition, points where the wheat
combine did not harvest the full header width were removed. Wheat yield data was calibrated
using a weigh cart and validated with wheat bin storage showing an overall accuracy of ± 1%.
Spatial variability of water used throughout the season within the field was used to calculate
CWP. Crop water productivity was calculated as follows:
𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑌𝑌/𝐸𝐸𝐸𝐸

Where Y is yield (kg ha-1) and ET is evapotranspiration (mm) assessed at each sample point in
determining crop transpiration and evaporation from pre-planting to harvest.

Irrigation Management Zones
Irrigation zones for 2019 were created from yield and ET data collected from 2016 and 2017
based largely on work of Svedin et al. (2018, 2019). In 2016, yield and ET were evaluated under
the grower’s standard practice (GSP) of uniform irrigation. In 2017, yield and ET were evaluated
under VRI with irrigation zones created based on three yr (2013, 2014, 2016) of yield data and
CWP in 2016 (Svedin et al. 2018, 2019). The 2017 irrigation included Low (0.7*GSP) and High
(1.3*GSP) irrigation zones based on 2016 yield with water being either limited or not limited in
those zones. Irrigation differences were extreme in 2017, with either CWP or yield decreasing
depending on the irrigation rate. The reaction of the field to water application led to another
method of creating and managing spatially variable irrigation zones for the 2019 growing season.
Irrigation zones for 2019 were created by analyzing 2016 and 2017 spatial CWP (created from
yield and ET) data. This was accomplished by using a regression where yield was the response
variable and ET was the explanatory variable. Then, a k-means clustering algorithm with
9

constraints for spatial contiguity was used to map out the five irrigation zones (Fig. 1-2G). The
irrigation rate applied to each zone was derived from a combination of the data provided by the
soil sensors and the averaged field capacity (FC) from nearby soil samples to irrigate up to the
estimated field capacity. Some irrigation events did not replenish the full profile water due to
limits set to avoid water runoff and in order to ensure field-wide coverage of the system in a
timely manner. Rather, the topsoil layer (30 cm) was refilled to FC each time. Irrigation was also
applied throughout each zone to keep water depletion from crossing the readily available water
(RAW) line where plants experience crop water stress and yields are reduced. Cumulative
irrigation amounts in each zone were compared with a cumulative estimated grower standard
practice (GSP) irrigation amount (Fig. 1-3). Grower Standard Practice rates were estimated by
looking at historical GSP rates from the same crop under uniform irrigation, and by using rates
from a neighboring field with a similar crop.
The FC values were approximated within each zone by averaging the greatest of the three
green-up observed water content values for each soil sample within their given zones between
2016 and 2018. The FC was assumed based on the soil being recently saturated from melting
snow and spring precipitation, but having at least three d for drainage with minimal ET losses
during this time. Wilting point (WP) was assumed from fall soil samples because the soils had
been dried down for harvest with 15, 7.1 and 1.3 mm of rainfall since the last irrigation event 18,
16 and 25 d for 2016, 2017 and 2019, respectively. The WP values were chosen from the lowest
VWC values between these three years of sampling at the post-harvest sampling dates.
The WP assumption was validated on 39 samples using a Decagon WP4C (WP4C Dewpoint
Potentiometer, Decagon Devices, Pullman WA, USA) to estimate the relationship between VWC
and water potential. For each validation sample, 4-5 known volumetric moisture values were

10

analyzed on the WP4C to calculate water potential. Using a logarithmic fitted line, VWC was
estimated at -1500 kPa for each sample and compared to field estimated WP. All measured
volumetric WP values were within ±10% of the fall VWC values for individual depths, and
within 5% error when averaged for the whole soil profile, verifying the assumption that fall soil
samples were at or very near WP.
The water within FC and WP that the crop can extract water from its root zone is known as
total available water (TAW), which is the water available to the plant. The TAW is calculated
using the following equation:
TAW = 1000(FC – WP) Zr
where FC is field capacity, WP is wilting point, and Zr is the rooting depth.
Readily available water (RAW) is the portion of water within the TAW that can be taken up
by plants before the plant goes into crop stress. Once VWC drops below this RAW value during
crop growth, the crop experiences stress and yields are limited. The equation to calculate RAW
is as follows:
𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑝𝑝 𝑇𝑇𝑇𝑇𝑊𝑊

where RAW is the readily available soil water in the root zone, and p is the average fraction
of TAW that can be depleted from the root zone before the crop experiences stress. For a winter
wheat crop, p is 0.15.

Volumetric Water Content Data Collection through Soil Sensors
During the 2019 growing season, soil sensors were installed to measure VWC (TEROS 12,
Meter, Pullman, WA, USA) and soil matric potential (TEROS 21, Meter, Pullman, WA, USA)
with data loggers (ZL6, Meter, Pullman, WA, USA) in each of the five irrigation zones. The
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location of each was established based on visual and digital layer information from GIS
determining yield and VWC variability within each zone. The average of VWC within each zone
was calculated, and soil sensors were placed in locations closest to each zone’s respective
average. One of each sensor was installed 0.03-0.05 m apart at 0.015 and 0.045 m below the soil
surface with an additional VWC sensor at 0.075 m depth at each of the five locations (Fig. 1-1).
The sensors logged data every 15 min. The loggers and sensors were installed on April 23 and
removed just prior to harvest on August 20. While sensors were installed and collecting data for
the majority of the season, sensor data was not collected at the spring greenup or harvest
sampling date due to being prevented by field operations.

RESULTS
Historical Yield and Evapotranspiration for Zone Delineation
Yield varied substantially under uniform irrigation in 2016, averaging 7.5 Mg ha-1with a
range of 2.3-10.6 Mg ha-1 (Fig. 1-2A). Similarly, ET also varied substantially, averaging 520 mm
with a range of 315-571 mm (Fig. 1-2B). In 2017, under spatially variable irrigation, average
yield was 5.8 Mg ha-1 with a range of 1.8-8.4 Mg ha-1(Fig. 1-2D), which is a decrease in
comparison to 2016. This is a typical response for the second year of wheat grown in the wheatwheat-potato crop rotations. Irrigation treatments did influence yield with the Low and High
irrigation treatments averaging 4.9 and 6.4 Mg ha-1 respectively. Average ET was 497 mm with a
range of 255-620 mm (Fig. 1-2E) with an average ET of 435 and 573 mm in the low and high
zones, respectively. Although the range of yield was less in 2017 than 2016, it is notable that the
range of ET was 109 mm greater in 2017. The spatial patterns of ET largely dictated by irrigation
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treatments while the spatial pattern in yield was similar to that observed under uniform irrigation
in 2016.
In both years, CWP patterns were more closely related to yield rather than ET. In 2016,
average CWP was 14 kg ha-1 mm-1 with a range of 4.7 – 21 kg ha-1 mm-1 (Fig. 1-2C). In 2017,
average CWP was 11 kg ha-1 mm-1 with a range of 4.1 – 19 kg ha-1 mm-1 (Fig. 1-2F). In 2016,
CWP generally increased in areas where ET was lower. Similarly, in 2017, yields improved but
CWP decreased in the High irrigation treatment areas where 30% more irrigation was applied.
For the Low treatment where irrigation was decreased by 30%, yields decreased and CWP
increased.
A five-zone VRI map was generated based on the CWP from both uniform and variable
irrigation seasons (Fig. 1-2G). A scree plot of the mean square errors (MSE) of VWC at spring
green-up, post-harvest, and average VWC for the uniform irrigation season (2016) was used to
validate the ideal number of VRI zones. Two to seven clusters created from a k-means clustering
analysis were generated along with their MSE (Fig.1-4). As slopes of each VWC line began to
level out, the number of clusters, which represents number of zones, were assumed as the best
number of zones, based on the increase in MSE per cluster.

Irrigation by VRI Zones
Irrigation of winter wheat in 2019 was variably applied throughout the season due to
differing VWC values given from soil sensors within each zone at the time of irrigation, and
different FC values. Average FC values used in irrigation recommendations for the five zones
ranged from 0.31 to 0.34 m³m-³. Fig. 1-3 shows the temporal changes in VWC from the sensors
within each zone, together with the applied irrigation and precipitation during the season. The
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VRI irrigation scheduling approach was generally successful in maintaining soil water between
FC and RAW. The patterns in VWC over the season varied by zone, justifying the potential
value of VRI.
There were a total of 14 irrigation events, beginning at 131 d after planting (May 11) and
ending at 199 d (July 18). Irrigation rates were unique for each zone and each irrigation event.
Applied irrigation rates for individual events and zones ranged from 5 to 28 mm, with an average
application of 15 mm per event (Table 1-1). Total season-long irrigation averaged 262 mm for
the full field, with 285, 236, 298, 238, and 258 mm in Zones 1, 2, 3, 4, and 5, respectively (Fig.
1-5). Compared to the GSP, these season-long irrigation amounts represent 15, 64, 2, 62, and 42
mm less water for Zones 1 through 5, respectively. The GSP for this field would have had 17
irrigation events of 18 mm each for a total of 300 mm. Utilizing a sensor based VRI management
scheme resulted in a reduction in the number of irrigation events and the total water applied in
every zone.

Spatial Variability of VWC
Spatial variation of VWC was assessed at each sampling date, which occured during spring
greenup on 23 April, two inseason dates on 30 May and 25 June, and at harvest on 05
September. Variation of VWC within each zone at different depths were compared to the
variation of VWC of the entire field at those same depths (Fig. 1-6). The medians within each
zone and depth differ from the overall median of the field at each depth, illustrating the value of
using zones. Ranges of VWC were also smaller within each zone compared to the range of the
VWC of the entire field. Soil samples at the sensor locations were taken to see how closely they
related to the median values of VWC within their zone. The percentage of soil samples at the
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sensor locations that were within their respective quantiles for the four total sampling dates were
as follows; 63, 75, 75, 13, and 100% for Zones 1, 2, 3, 4, and 5.
Volumetric water content was greater on the west and southeast ends of the field, below the
ridgeline, where ponding generally occurs during spring. The biggest ponding area occured in
Zone 2, and this zone also received the smallest amount of total irrigation for the season. Zone 3,
which was on the drier side at the beginning of the season, received the greatest amount of
irrigation throughout the season. This could be due to the VWC at the beginning of the season as
well as the slope that occurs in that zone, that potentially causes lateral movement and/or runoff
in that zone. Spatial variability in VWC from even the beginning of growing season played a role
in the spatial irrigation irrigation needs throughout the field, and the sensors played a role in
detecting temporal changes of irrigation needs within their repsective zones.

DISCUSSION
Spatial Variation of VWC
While the creation of VRI zones has been evaluated using a variety of approaches, utilizing
yield and ET from historical data is a relatively simple approach that has not been widely
considered. While yield data is commonly collected, site-specific ET is relatively more difficult
to measure. Soil samples at the beginning and end of the season can be used to calculate ET from
a water balance equation. Taking a soil sample and measuring water content is a relatively
simple and rapid task. However, most growers and their agronomists do not have equipment to
take samples to the wheat root depth. And, the time taken is costly if many samples are taken (it
took our crew of four people using mechanized sampling equipment an entire day to take 100
samples to a depth of 1.2 m in 0.3 m increments and gravimetric analysis took approximately
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100 h of labor. Thus, although reasonable to take a few samples, the number we took is likely not
practical on a yearly basis (although it may be possible to make the initial investment and then
use modeling to predict in future years). But, the question remains, how many are enough
samples to represent the variability throughout the field.
Other methods of obtaining ET are possible through satellite imagery and modeling.
Different vegetation indices can be calculated by satellite imagery that show variation in canopy
coverage, which assists in calculating a more accurate ET for that field. Topographical
differences can be seen through satellite imagery, which can be used in predicting zone
delineation. The method of using yield and ET does not capture all of the variation within the
field, but it does incrementally account for some of the variation in VWC and FC, which plays
an important role in irrigation management. This approach can improve spatial precision and
accuracy of irrigation—potentially improving the crop and conserving water.
Comparing the variation of VWC of each zone to the variation of VWC of the entire field
provided the reasoning to break the field out into multiple zones (Fig. 1-6). Though the field is
fairly level and has small differences in soil and topographical features (Fig. 1-1), these
differences are enough that breaking the field into zones will benefit irrigation management. If
reduction of variation of VWC can be accomplished through the usage of irrigation zones,
irrigation management could improve in efficiency.

Cumulative Irrigation Events
While irrigation rates within the zones may have been similar to each other at the beginning
of the season, rates changed as plants matured, weather changed, and water levels decreased in
soil profiles (Fig. 1-5). This shows that less water was needed at different times of the season,
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and potential drainage or excess runoff was omitted with the irrigation zones. Other factors, such
as variability in slope, elevation, FC, WP, SWHC and other soil and topographical properties
could affect the irrigation rates. Irrigating up to FC was implemented in order to fill the soil
profile so watering events could be spaced further apart, without losing water to runoff or
drainage where it would be ineffective and wasteful. While fields have historically been irrigated
to meet the demands of the driest portions of the field in order increase yields, water is wasted in
other portions of the field, and could potentially negatively affect the yields in those areas. When
the field is broken into zones and watered at different rates to meet the SWHC needs, less water
is wasted, and crops are able to be irrigated to keep soil profiles fuller longer before plants reach
the state of crop stress where yield is negatively affected. Total estimated GSP showed a higher
cumulative irrigation amount compared to all zones’ cumulative amounts (Fig. 1-5). This shows
a savings in water. When zones are irrigated to FC, wasting water is less likely an issue, thus
saving the grower water in areas where uniformly irrigated areas may be watering too much.
One reason for irrigating to FC levels was to delay the onset of crop water stress through lack
of water in the soil profile. By observing the VWC values from the sensors in each zone, and
irrigating up to FC, those specific areas did not express stress until the end of the season (Fig. 13). While this does not account for every sampling point within its zone, the sensors give a
representation of the zone that suggests crop stress was delayed substantially when compared to
a winter wheat year under uniform irrigation where the crop’s first field location with an onset of
crop water stress occurred at 175 d (24 July) (Svedin et al, 2019). Onset of crop water stress did
occur in some field locations in 2019, however, the majority of the field locations did not reach
that level of stress until the end of the season (Woolley et al, 2020). If irrigation zones could
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assist in water use efficiency and delay the onset of crop water stress, yields, water savings, and
efficiency would increase.

Temporal Differences of VWC
Differences in VWC values from the five different sensors in the field could be explained by
a variety of soil property differences within the soil at those locations. Differences in soil
textures, SWHC, FC, and WP affects the amount of water a soil profile can hold, thus differing
VWC values would occur from the different sensors. This would cause differing irrigation
amounts at each irrigation event, and the soil sensors were a useful indicator in knowing when
the field needed water, and in calculating the amount of water to irrigate each zone. Irrigation
rates for each zone did differ from each other throughout the growing season, with an average
range of 10.8 mm. When VWC values were higher in a zone, less water was applied in order to
reach FC (Fig. 1-5). This approach gave the farmer the option to take water that would generally
be wasted due to over-watering in certain portions of the field and utilize it in other portions of
the field that were historically under-watered. For example, in the past, the area just west of the
ridgeline (mainly in Zone 2) would be over-watered under uniform irrigation. This was a
problem, especially during a potato crop, because the excess moisture would cause disease in
that part of the field and decrease yields.
The VWC sensor curves did not always reach FC at each irrigation event. The deeper depths
of the soil profiles still contained water at the beginning of the season, but as the season
progressed, and plants continued to grow and mature, those deeper profiles depleted more and
more water throughout the season. As irrigation events were watered to only the first soil depth’s
(0.31 m) FC, water continued to move downward, and could have been taken up by deeper roots.
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This could explain why as the season progressed, watering events did not completely fill the soil
profile of the first depth, and VWC sensors expressed that. Although it would seem beneficial to
water to multiple depths’ FC values, these rates became too high for the center pivot to water, as
the farmer’s pivot had a maximum rate of 29 mm. The field could also get too wet, if rates were
higher, and the center pivot could get stuck.
Sensors give valuable temporal information on the water status within a soil profile, and
when conditions change suddenly, the sensors are capable of showing that change so growers
can irrigate accordingly and keep the crop from the onset of premature crop water stress.
However, these sensors do not give spatial data, and even though multiple sensors within a field
is beneficial, they still cannot report the variation of VWC within their specific zone.
Understanding the spatial variability within each zone can give growers an idea of where to best
place each sensor within a zone.

CONCLUSION
We discovered that cumulative irrigation rates were different within each zone, and all zones
were irrigated less than the estimated uniform GSP rate. Irrigating each zone differently by FC
values and current VWC status gave the farmer more accurate rates to irrigate with, and
potentially saved water. The VWC values from the soil sensors in each zone varied from each
other throughout the season, as SWHC was not uniform between soil sensor locations. Irrigation
rates kept VWC below FC values and above RAW values in each zones throughout the majority
of the growth stages of the crop for the season, thus saving water and protecting the crop from
the early onset of crop water stress. Spatial variation of VWC from soil samples decreased when
broken into zones, compared to the spatial variation of VWC in the entire field. The median
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values of VWC between zones were also different, showing that utilizing VWC differences in
irrigation zones could decrease the amount of water lost to drainage or runoff, and could more
efficiently place water it is needed throughout the field. Although these methods presented the
ability to conserve water and improve water use efficiency, further work is required to find more
accurate ways of delineating zones, placing sensors throughout the field, and finding the best FC
values to base irrigation recommendations off of. As these processes increase, water usage will
continue to become more efficient, and early onset of crop stress will decrease.
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FIGURES

Figure 1-1. Image of field research site near Grace, ID, USA with elevation contour lines (m),
soil sample points, and sensor locations.
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Figure 1-2. Spatially variable wheat yield (1-2A and 1-2D), evapotranspiration (ET) (1-2B and 1-2E), and crop water productivity
(CWP) (1-2C and 1-2F) for 2016 (1-2A, 1-2B, and 1-2C) and 2017 (1-2D, 1-2E, and 1-2F) For 2017, irrigation zone patterns overlay
the images. These data were used to create the irrigation management zones for 2019 (1-2G).
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Figure 1-3. Temporal change in volumetric water content (VWC) for a wheat crop in 2019 under variable rate irrigation (VRI) with
five irrigation zones (1-3A-3E). Precipitation and irrigation events are identified on the second axis on their respective dates. Zone
average field capacity (FC) and readily available water (RAW) are identified with blue and red lines, respectively.
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Figure 1-4. Optimal number of zones based on three different measurements of volumetric water
content (VWC) during the year of uniform irrigation in 2016. Curves were based on mean square
error (MSE) of the average VWC (blue), spring green up VWC (orange), and post-harvest VWC
(grey). As slope of lines begin to plateau, this is where the greater number of irrigation zones
within the field becomes less beneficial. According to this graph, five irrigation zones seems to
be the optimal number of zones.
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Figure 1-5. Cumulative irrigation totals for a wheat crop in 2019 under variable rate irrigation
(VRI) with five irrigation zones compared to the estimated cumulative grower standard practice
(GSP) total.

29

Figure 1-6. Box-and-whisker plots depicting variation of volumetric water content (VWC) taken
from soil samples on the dates 23 April, 30 May, 25 June, 05 September at four depths (0-30.5,
30.5-61, 61-91, and 91-112 cm) The top box plot within each plot shows the variation of VWC
within the entire field, and below the red line shows the variation of VWC within each zone. The
line within the middle of the box represents the median value, the box represents the lower and
upper quantiles, and whiskers represent the minimum and maximum, and the dots represent
outliers. The blue X markers indicate the VWC at the soil sensor locations. 1-6A is 23 April,
depth 0-30.5 cm, 1-6B is 23 April, depth 30.5-61 cm, 1-6C is 23 April, depth 61-91 cm, 1-6D is
23 April depth 91-112. 1-6E is 30 May, depth 0-30.5 cm, 1-6F is 30 May, depth 30.5-61 cm, 16G is 30 May, depth 61-91 cm, 1-6H is 30 May depth 91-112. 1-6I is 25 June, depth 0-30.5 cm,
1-6J is 25 June, depth 30.5-61 cm, 1-6K is 25 June, depth 61-91 cm, 1-6L is 25 June depth 91112. 1-6M is 05 September, depth 0-30.5 cm, 1-6N is 05 September, depth 30.5-61 cm, 1-6O is
05 September, depth 61-91 cm, 1-6P is 05 September depth 91-112.
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Figure 1-7. Spatial variation of volumetric water content (VWC) In the first depth from
sampling date 23 April.
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Figure 1-8. Spatial variation of field capacity (FC) in the depth 0 – 30.5 cm.
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TABLES
Table 1-1. Irrigation amounts within each zone throughout the 2019 growing season. Estimated
grower’s standard practice (GSP) rates are compared to the rates of the other irrigation zones
throughout the season.
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ABSTRACT
Understanding within-field and within-season variability of soil water supply and crop water
stress is critical for successful variable-rate irrigation (VRI) management. This study evaluates
the ability to model soil and crop water dynamics within a season and within a field of irrigated
winter wheat, and it evaluates the sensitivity of soil water depletion, evapotranspiration and crop
water stress outputs within a water balance model with Penman-Monteith evapotranspiration
(ET) in response to adjusted soil properties, spring volumetric water content (VWC), and crop
coefficient model input values. We hypothesized that spring VWC would have a greater effect
on average stress coefficient, average soil water depletion within the root zone and average crop
ET, than soil properties and crop coefficient. Energy balance and water balance equations were
used to model soil water dynamics and crop water stress at 102 locations within a 22 ha field of
winter wheat (Triticum aestivum L.) near Grace, Idaho, USA for a growing season managed with
VRI. When soil properties such as field capacity (FC), wilting point (WP) and total available
water (TAW) were adjusted within the model, average soil water depletion within the root zone
was affected the most. The most change occurred when FC values were adjusted, rather than WP
values. When spring soil VWC was adjusted from a variable value within the field to a uniform
value of -4 to +4 standard deviations away from its spatially average value, the average soil
water depletion was affected with the low spring soil moisture content value. When adjusting the
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values of crop coefficient on a specific data by -4 to +4 standard deviations away from the
spatially average crop coefficient value, there were large changes in all of the model’s outputs.
Variability in soil properties and spring soil moisture were key in giving accurate values to the
model in order to make proper VRI management decisions. Potential benefit in using a variable
crop coefficient could also lead to more accurate VRI management decisions from the model.

INTRODUCTION
Variable-rate irrigation (VRI) is a tool with potential to improve the efficiency of water use
in food production by spatially matching irrigation rates to crop water demand. There are many
published observations of within field spatial variability in soil and crop water status that support
the potential to improve irrigation efficiency (Daccache et al. 2015; Longchamps et al. 2015;
Sadler et al. 2005). King et al. (2006) observed greater water productivity under VRI
management in potato (Solanum tuberosum L.). Lo et al. (2016) described potential water
savings of 25 mm yr-1 on 13% of Nebraska, USA center pivots through VRI. Hedley and Yule
(2009b) demonstrated the ability of VRI to conserve up to 26% of irrigation compared to
uniform irrigation using a water balance approach in each zone delineated from apparent
electrical conductivity. VRI systems are available commercially but decision support systems
need further scientific development (Evans and King 2012; Evans et al. 2013).
Effective VRI management depends on understanding the within-season and within-field
variability of factors such as soil water content and crop water stress. The FAO Penman-Monteith
equation is an established method to estimate crop evapotranspiration (ET) and, when used as part
of a soil water balance, has potential for modelling within-field variability of crop water use (Allen
et al. 1998; Carroll et al. 2017). The American Society of Civil Engineers (ASCE) Standard
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Penman-Monteith Evapotranspiration model (Allen et al. 1998) uses the following equation to
estimate ET:

ETc adj = Ks * Kc * ETo

(1)

where ETc adj is the adjusted crop ET, Ks is the transpiration reduction factor reflecting
conditions where soil water availability limits the rate of ET, Kc is the crop coefficient that
reflects the crop type and development stage, and ETo is the reference crop ET. With ET
estimates in a water balance, irrigation can be planned to keep soil water within crop and soil
specific thresholds (Allen et al. 1998; Carroll et al. 2017; Hedley and Yule 2009a, 2009b).
Spatial variation of yield and crop water use have been linked to the variability of soil
properties such as soil texture, depth, soil water holding capacity (SWHC), or apparent soil
electrical conductivity (ECa) (Haghverdi et al. 2015; Longchamps et al. 2015; Sadler et al. 2005)
and these factors are commonly used to delineate VRI zones (de Lara et al. 2017; Hedley et al.
2009a; Hedley and Yule 2009b; Messick et al. 2017). Utilizing the spatial variability of soil
properties within a field such as field capacity (FC), wilting point (WP), total available water
(TAW) and readily available water (RAW) to inform an ET model could improve understanding
of within field variability of ET and crop water stress and potentially inform VRI management.
Differences in these soil properties will help inform the model when certain areas of the field are
approaching crop stress, and can inform the growers what areas need to be watered, and
potentially give them the irrigation rates to do so.
One variable needed to initiate a water balance model is the soil profile volumetric water
content (VWC) at the beginning of the growing season. While variation in soil properties within
a field are associated with the onset of crop water stress (Svedin, et al., 2019), VWC of the soil
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profile in the spring was more important in modelling the onset of crop water stress, which in
turn was a factor in predicting yield variation throughout the field (Svedin, et al., 2019). Utilizing
dynamic variables such as onset of crop water stress and spring VWC could improve VRI
management decisions (Svedin et al., 2019).
Specific crop coefficients are used in conjunction with the reference crop ET when
performing a water balance. Typically, a uniform crop coefficient is used throughout a field, and
has been useful in modelling water balance in the soil for a specific crop. However, even within
a single field, plants may be affected by different microclimates, differing soils and
topographical features, all of which can impact their growth rate. This in turn affects the crop
coefficient throughout the field. Svedin et al., 2018 suggested the use of variable Kc values due
to differences in irrigation rates that may have affected crop canopy development. Using variable
Kc values throughout a field based on variation in crop canopy development, could improve
accuracy in the water balance model, and thus give better values for VRI management decisions.
Understanding how these input variables (soil properties, dynamic soil properties, and crop
coefficients) affect the different outputs of the model can inform growers on what variables
would benefit from being as spatially accurate as possible, and which ones do not. To
accomplish this, the model must first be validated against field data. Then, a sensitivity analysis
of the model’s inputs are analyzed to know which inputs have the most impact on each output
and to understand the variability in outputs from the inputs (Hamby, 1994). A one-at-a-time
sensitivity analysis is a simple method, which involves changing one input at a time while
leaving all other inputs fixed, and noting the change in outputs (Gardner et al., 1980; Hamby,
1994; O’Neill et al., 1980; Downing et al., 1985; Breshears, 1987; Crick et al., 1987; Yu et al.,
1981). To provide more power to the one-at-a-time sensitivity analysis, the input parameters
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could be increased or decreased by a given number of standard deviations from their mean
values, and evaluate the associated impact on the model’s outputs (Downing, et al., 1985).
Information from this analysis could be used to rank the input variables in conjunction with their
effect on the output variables. Ranking the input variables shows which output variables are most
sensitive to changes of the inputs.
The goal of this paper is to assess the sensitivity of a water balance model to know what
input values affect the outputs of the model the most, and whether specific model inputs need to
be varied spatially within the field for VRI management. The objectives of this study are (1)
compare season long ET measured from a water balance equation to season long ET predicted
from a water balance equation, and compare VWC from soil samples to VWC from Penman
Monteith Method for validating the model, (2) Adjust values for different soil properties as well
as spring soil moisture and crop coefficients to see how sensitive the outputs are to the individual
changes of input variables, and (3) conclude which factors need to be field specific and which
ones can be from an estimation or range. We hypothesize that spring soil moisture will have a
greater effect on average stress coefficient, average soil water depletion within the root zone and
average ETc adj within the model than soil properties and crop coefficient.

MATERIALS AND METHODS
Site Description
This study was conducted on a winter wheat (Triticum aestivum L), production field (22
ha) with a wheat-wheat-potato (Solanum tuberosum L.) rotation. The field is located near Grace,
ID, USA (elevation 1687 m above sea level; 42.60904 latitude and -111.788 longitude). The field
is located in a semi-arid region with a climate that generally has hot days and cool nights during
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the summer growing season, with about 80 to 110 frost-free days. Average annual precipitation
is 390 mm with the majority of the precipitation occurring during winter as snow, which often
blows and accumulates variably based on topography and surface conditions. The historical
average precipitation for the May-August wheat growing seasons is 150 mm. However,
precipitation was relatively sparse during the time of this trial, with precipitation between spring
soil sampling and harvest totaling 92 mm in 2019. Irrigation is done using a 380 m long center
pivot equipped with a VRI system (Growsmart Precision VRI, Lindsay Zimmatic, Omaha, NE,
USA) and with Nelson rotator nozzles spaced 5 m apart and Nelson 15 psi pressure regulators.
Irrigation events occurred every 5-7 d in spring and every 3-5 d during summer at peak ET.
Irrigation water was not applied to areas in the field with exposed bedrock and, as such, was not
included in the study—even though this is certainly part of the water savings for this field as a
function of VRI.
The soil is a silty clay loam Rexburg-Ririe complex, with 1 to 4 % slopes. Rexburg and
Ririe soils are coarse-silty, mixed, superactive, frigid Calcic Haploxerolls that derive from
alluvial influenced loess. The field has patchy areas, totaling 0.3 ha, of shallow and emerged
basalt bedrock that are not farmed. There was little observed variation in soil textural class, with
texture analysis at 42 randomly selected sites throughout the field all being classified as silty clay
loam. The field has a relatively uniform topography, with only a 6 m difference between lowest
and highest elevation (Fig. 2-1). Conventional best practices for soil, pest, and crop management
were utilized by the grower.
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Soil Sampling and Analysis
A variogram of the normalized difference vegetation index (NDVI) from bare soil imagery of
the filed site was computed to identify the scale of soil spatial variation. The variogram had a
range of ~140 m. Following the guideline developed by Kerry and Oliver (2003) that one should
sample at an interval of approximately half the variogram range, the interval of 70 m was used
for the main sampling grid (46 samples). Additional samples points (56 samples) were located at
random points along the grids to strengthen the sensitivity of the geostatistical analysis. This
sampling scheme was used to calculate spatial variation of soil VWC content and soil water
depletion over time. Soil samples were collected at 85 points within the field site in 2016 and
2017. In 2019, sample locations were a combination of 46 samples on a 70 m grid and 56
samples located as random nested points.

2019 Irrigation Management
Irrigation zones were created from yield and ET data collected from the 2016 and 2017
crops. In 2016, yield and ET were evaluated under the grower’s standard practice (GSP) of
uniform irrigation. In 2017, yield and ET were evaluated under VRI with irrigation zones created
based on three years of yield data (2013, 2014, 2016) and crop water productivity in 2016
(Svedin et al. 2018). The 2017 irrigation included Low (0.7*GSP) and High (1.3*GSP) irrigation
zones. Yield and ET data from 2016 and 2017 were used to create five VRI management zones
in 2019 for this study. Once these zones were created in 2019, soil VWC (TEROS 12, Meter,
Pullman, WA, USA) and matric potential sensors (TEROS 21, Meter, Pullman, WA, USA) with
data loggers (ZL6, Meter, Pullman, WA, USA) were placed in one location within each zone.
The location of each was established based on visual and digital layer information from GIS
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determining yield and soil water content variability within each zone. One of each sensor was
installed 3-5 cm apart at 0.015 and 0.045 m below the soil surface with an additional soil water
content sensor at 0.075 m depth at each of the five locations (Fig. 2-1). The sensors logged data
every 15 min. The loggers and sensors were installed on April 23 and removed just prior to
harvest on August 20.The amounts of irrigation applied to each zone were derived from a
combination of the VWC data provided by these soil sensors and the averaged field capacities
from nearby soil samples to irrigate up to the estimated field capacity (FC). Soil sensors assisted
irrigation management by keeping the VWC between readily available water (RAW) and FC to
avoid early onset of crop water stress and excess drainage throughout the growing season. Some
irrigation events were not irrigated to the full calculated rate due to the center pivot having a
maximum limit of water that could be applied at one time. Field capacities were approximated
within each zone by averaging the greatest measured water contents at spring green-up from each
soil sample between 2016 and 2018. This approach for estimating field capacity assumed the soil
was saturated from melting snow and spring precipitation but had at least three days for drainage
with minimal ET losses (Martin, et al., 1990).

Modeling Water Dynamics
Modeling water dynamics for the 2019 season followed Allen et al. (1998) and the FAO
Penman-Monteith estimation of ET to adjust daily soil water levels for 102 sampling locations
within the field. Soil core samples were collected at 102 points within the field site at spring
green-up to measure VWC and estimate plant available soil water. Depletion of soil water within
the root zone was modeled with a daily time step at each sample point. Modelling was initiated
on the day of spring sampling using the measured soil water content values and continued
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through post-harvest sampling. Spatially uniform non-stressed reference evapotranspiration
(ETo) and a crop coefficient (Kc) were used to estimate the unstressed, crop specific ET (ETc) for
wheat. When depth of soil water fell below a site-specific (RAW) threshold, ETc was adjusted
with a site-specific crop stress coefficient (Ks) to estimate the adjusted crop water stressed ET
(ETc-adj).
Weather data were collected at a weather station ~2 km from the field site (42.51496 N, 111.73606 W; Cooperative Agricultural Weather Network AgriMet). The weather data were used
to calculate daily evapotranspiration (ETo) for a reference crop using the ASCE Standard PenmanMonteith Evapotranspiration model (Allen et al. 1998). The crop coefficient approach was used to
calculate daily ETc-adj using Eq. 1, where Ks was calculated daily for each sample point and the Kc
curve was estimated from tabular values from a similar environment (Allen et al. 1998) and
validated with field observations. The Ks was calculated as:

𝐾𝐾𝐾𝐾 =

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝐷𝐷𝐷𝐷
(1 − 𝑝𝑝) ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

(2)

where SWHC is the soil water holding capacity in the 1.2 m deep soil profile, p is the table
value 0.55 from Allen et al. (1998) that represents the average fraction of SWHC that can be
depleted before crop stress for winter wheat with a winter wheat value of 0.55 used for this study,
and Dr is the current root zone water depletion. Soil water holding capacity was calculated as
follows:

SWHC=1000* (𝜃𝜃FC-𝜃𝜃WP)*Zr

(3)

RAW = p*SWHC

(4)
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where SWHC (mm) is calculated using Equation 4 for the crop rooting depth, 𝜃𝜃FC is the VWC

(m3 m-3) at FC, 𝜃𝜃WP is the VWC at wilting point (WP) (m3 m-3), and Zr is the estimated rooting

depth of the crop and was assumed to be 1.2 m for this study. The RAW value is the readily
available soil water content in the root zone (mm), and p is defined above. At this site, winter
snowfall and spring thaw act as the wetting event and FC was estimated for each sampling point
as the greatest observed depth of soil water for each depth increment as measured at that site over
a four-year observation period (2016 - 2019). It was assumed post-harvest soil samples were at
WP because the soils had been dried down for harvest in the wheat crop years with 15, 7.1, and 5
mm of rain since the last irrigation event 18, 16 and 5 d earlier for 2016, 2017 and 2019
respectively. Field measurements of WP values were validated with lab analysis utilizing a
Dewpoint Potentiometer (WP4C, Meter Group Inc., Pullman, WA, USA). Volumetric soil water
content was measured at -1500 kPa with satisfactory field and lab measurement error (n=39,
RMSE = 11mm). Daily root zone depletion was estimated using the following equation:

Dr,i = Dr,i-1 – Pi – Ii + ETc-asj,i + DPi

(5)

where Dr,i is the root zone soil water depletion at the end of di, Dr,i-1 is the root zone
depletion at the end of the previous day, Pi is the precipitation on di, Ii is the irrigation depth on
di, ETc,i is the crop evapotranspiration on di, and DPi is deep percolation out of the root zone on
di. Deep percolation was calculated from any amount of water that exceeded site specific field
capacity values for the 1.2 m deep profiles from the ET model.
Model Validation
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A two-fold approach was used to validate the model output. First, the season long and midseason sums of modeled daily ETc-adj were compared to the ET measured from the following
season-long and mid-season water balance equation:

(6)

ET = P + I + ΔS – D

where P represents the season-long total precipitation, I is season-long total applied irrigation,

ΔS represents the difference in measured soil water content in the 1.2 m deep profile between
spring green-up and harvest, and D is season-long total drainage of water below a soil depth of 1.2
m. When soil profile water exceeded the zone specific field capacity (FC) values based on the
VWC soil sensor data, the excess was assumed as drainage. Occurrences of drainage were limited
to the spring of 2019. Timestamps of the modeled daily ETc-adj were compared to the same
timestamps of measured ET within the growing season, based on soil sampling dates. Spring
green-up and post-harvest soil samples were collected on April 23 and on September 05, 2019,
and two mid-season sampling dates occurred on May 30 and June 25, 2019. Samples for soil water
content determination were collected at four depths 0-0.3 m, 0.3-0.6 m, 0.6-0.9 m, and 0.9-1.2 m
with a soil probe driven into the profile with a modified gas-powered post driver (AMS, Inc.
American Falls, ID, USA). Samples were placed in plastic bags and sealed for transport to the
laboratory where gravimetric soil water was determined by drying in a forced air oven at 105oC
until consistent weights were reached. Soil gravimetric water content was converted to volumetric
water content using soil bulk density values determined in 2016 from previous samples (Svedin et
al., 2018).
The second approach used to validate the model was to compare the VWC calculated from the
model to the measured VWC at two in-season sampling dates (May 30, June 25), and at the end
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of the growing season (September 05). This was done by subtracting the model’s predicted soil
water depletion value on the given sampling date from the FC values at each sample. Statistical
measures of model fit followed Miner et al. (2013) including: (1) relative error (RE), (2)
normalized objective function (NOF) (3) root mean square error (RMSE), and (4) r-squared where
RE represents model bias, NOF indicates the fit of the model (where NOF < 1 is less than one
standard deviation from the mean), and RMSE is the difference between predicted and measured
values.

Sensitivity Analysis
A one-at-a-time sensitivity analysis was performed on the soil water depletion model. The
input variables FC, WP, spring VWC, and Kc were individually altered to evaluate the change
that would occur in output variables including average Ks, average ETc adj, and average soil water
depletion from the root zone. Input variables were altered one-at-a-time. The different FC, WP,
and spring VWC values were calculated by averaging measured values across the field,
calculating the standard deviation, and adjusting their values one to four standard deviations
above and below their respective mean values. When either the FC or WP values were adjusted
individually, each sampling point’s TAW values were adjusted based on the change in either FC
or WP. The Kc value was adjusted by first calculating the spatially variable Kc from leaf area
index (LAI) data measured on June 25 at each sampling location using a accupar Ip-80
ceptometer. A standard deviation value was calculated from this data and the Kc value was
adjusted from negative four to positive four standard deviations away from the full coverage Kc
value.

45

Summary statistics were obtained from the modelled outputs based on the input changes
(Downing et. al., 1985). Summary statistics and importance factors were calculated as follows:
(7)
Sensitivity = ∆Y/∆X
(8)
I1 = U x S
(9)
I 2 = s2
Where Sensitivity (S) is equal to the change in output (∆Y) divided by the change in input (∆X). I1
is the first importance factor, which multiplies the uncertainty (U), or the number of standard
deviations of the input value multiplied by S. Large values of I1 signify large effects of the input
on the output values. It can also signify the need to adjust the input value due to a lack of knowledge
(Downing, et. al., 1985). I2 is the second importance factor, which calculates the variance of the
output (s2). These importance factors were then ranked by the amount of influence that each input
had on each output (Hamby, 1994). The larger the values within each importance factor, the more
influence that input had on the output.

RESULTS
Spatial Variation of Soil Properties
Soil properties related to water dynamics varied substantially throughout the field. Depth of
soil water at FC in the 1.2 m deep soil profile ranged from 355 to 488 mm, averaging 412 mm,
and WP ranged from 103-153 mm, averaging 125 mm (Fig. 2-2A & 2-2B). Depth of water in the
1.2 m deep soil profile in TAW ranged from 230 to 361 mm, averaging 286 mm (Fig. 2-2C). at
Volumetric water content in the 1.2 m deep profile at spring green-up, used for initiating the soil
water depletion model, ranged from 325-464 mm, averaging 388 mm (Fig. 2-2D). The variability
seen throughout these different soil properties and dynamic soil properties give the upper and
lower bounds for input values within the sensitivity analysis. The range of variation varies
between soil properties, and the area that each range covers within the field affects how much
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change occurs within the outputs of the model when these soil properties are adjusted to different
values. The variability of these properties show that changes will occur within the model when
these inputs are changed to a uniform value, either above or below the average soil property
value. Variability in VWC continued throughout the season, ranging from 321-450, 249-417, and
142-334 mm and averaging 393, 330, and 213 mm as seen from soil samples collected on May
30, June 25, and September 05, respectively.

Irrigation Management
Yield and ET data from 2016 and 2017 were used to create five VRI management zones for
the 2019 growing season (Woolley, et al., 2020). Zone based irrigation rates for 2019 were
determined for each irrigation event based on the zone-specific field capacity values and soil
water content measured by sensors in each zone (Woolley, et al., 2020). Irrigation events began
on day 131 (May 11) with an average season long irrigation total of 262 mm. Season long
irrigation totaled 285, 236, 298, 237, and 254 mm for zones 1, 2, 3, 4, and 5, respectively (Table
1, Fig. 2-3) and was applied over 14 irrigation events with the last irrigation on day 199 (July
18). Season-long ET, measured with a water balance equation (Equation 2), ranged from 410609 mm and averaged 515mm with ET ranging between 465-609, 436-557, 414-604, 410-540,
and 464-559 mm and averaging 552, 505, 548, 490, and 516 mm in zones 1, 2, 3, 4, and 5
respectively.

Model Validation
The within field spatial variation of VWC was modelled throughout the growing season
using a daily water balance (Equation 6) and using the ASCE standardized equation to calculate
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daily ET (Equation 1). Two approaches were used to validate model output. First, the modelled
ET (sum of daily ET over the growing season) was compared to the ET measured from a water
balance at each sampling location for three different timestamps within the growing season
(Equation 6). Modelled seasonal ET values correlated well with measured ET with a relative
error of 10.3% (Fig. 2-4). The NOF and RMSE values also show good model agreement with
measured ET values with an NOF value of 0.12 and an RMSE of 61.9 mm (Table 2-1). The two
additional mid to end of season ET validation model fit statistics also showed a complying model
agreement with the measured ET values (Fig. 2-4). All of these ET timestamps showed the
model over-predicting ET compared to the water balance ET timestamps.
The second validation approach compared modelled depth of water in the 1.2 m deep soil
profile at two in-season dates and at post-harvest to measured values on the same dates. This
approach also showed good agreement with measured data. The relative error was -3.7% for the
30 May sampling date, 0.84% for the 25 June sampling date, and -25% for the 05 September
sampling date. For all three sampling dates, model predictions of depth of soil water were within
one standard deviation of the mean (NOF <1). While model agreement was generally good, the
modelled post-harvest depth of soil water, where RMSE was 61 mm, which had the least
agreement (Fig. 2-5). These modeled VWC values compared to measured VWC values showed an
under prediction from the model (Fig. 2-5).

Model Sensitivity Analysis
Different input factors that influence the soil water depletion model were adjusted to evaluate
how much change occurred in modelled stress coefficient (Ks), average ETc adj and average soil
water depletion from the root zone. Soil properties such as FC and WP, as well as spring VWC
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within the soil profile and crop coefficient values were adjusted individually within the model to
assess the percent change in above mentioned outputs.

Model Sensitivity to Soil Properties
When looking at the change in average Ks and ETc adj based on the change in FC, we see that
there are greater changes in Ks and ETc adj when FC values are reduced, and there is less change
when FC values are increased, with the exception of the 4th standard deviation change. This is
quite different compared to the smaller but also consistent change in average Ks and ETc adj
values based on the changes in WP values, both above and below its respective mean average
(Fig. 2-6A &2- 6B). The change in soil water depletion within the root zone had a mostly
positive, consistent, linear relationship with the changes in FC values while changes in WP
caused a consistent change as well, but in the opposite direction (Fig. 2-6C).

Model Sensitivity to Spring VWC
When evaluating the changes in outputs based on the changes of spring VWC, spring VWC
had similar effects on Ks and ETc adj as did FC value changes, with stronger changes occurring
when spring soil moisture content was lower, and almost no changes to Ks and ETc adj occurred
when spring soil moisture content was higher (Fig. 2-6A & 2-6B). Changes in spring soil
moisture content had little to no effect on average soil water depletion from the root zone (Fig. 26C).
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Model Sensitivity to Kc
Changes within Kc affected almost all outputs within the model. As the Kc values were
adjusted lower than the original Kc values, the average Ks value increased, and as the Kc values
were adjusted above the original Kc values, the average Ks values decreased, showing more
stress within the field throughout the season (Fig. 2-6A). The ETc adj and average soil water
depletion from the root zone were strongly affected by the changes in Kc values that were
adjusted below the average Kc value, while very little change occurred within these output
values when Kc was adjusted to values above its average value (Fig. 2-6B & 2-6C).

Importance Factors
The I1 values from each of these changes in inputs were ranked within the standard
deviational change, and these rankings compared relatively well with the change in output
compared to the change input figures (Fig. 2-6A-6C). While many of these outputs were affected
by all of the changes from each input, Kc was seen to have a stronger effect on the majority of
the outputs, and the rankings prove this observation.

DISCUSSION
Soil Properties and Irrigation Management
Variation in soil properties has been a known factor in one of the many variables affecting a
crop’s water needs and the irrigation management for those crops. With further studies, it has
been observed that there can be substantial variation in soil properties in leveled and fairly
uniform fields (Dacchache, 2015), and this can play a factor into the management of VRI, even
in fields with fairly uniform topography and soil features. The variability of the soil factors
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within the field demonstrates that substantial variability can be found, even in seemingly uniform
production fields (Daccache et al. 2015; de Lara et al. 2018; Haghverdi et al. 2015; Lo et al.
2017; Longchamps et al. 2015). Utilizing the variation of soil properties, even if variation is
small, has benefited VRI management within this field.
When irrigating each zone to a zone-specific FC throughout the growing season, the
differences in irrigation amounts were clearly seen, and most zones were able to stay above
RAW and below FC during the crop’s growth period to avoid crop water stress and excess
drainage. (If I talk about this, we might need to bring in the temporal VWC graphs from the
sensors, or we can bring in the depletion curves by zones that we have). The exception to this is
the third zone that sits mainly on the ridge within the field, where water tends to run off, or move
laterally within the profile. The field has moderate variation in slope, where the most sloping
portion of the field (4-7%) is evident as a band dissecting the field north to south (Fig 2-1).
Understanding the variation in soil properties throughout a field, as well as the topographical
changes can be used to better inform a VRI system of more accurate VRI management decisions.

Model Validation
The two validation approaches support the modelling approach used to predict within field
variation of soil water dynamics and crop water stress over time. The results support the use of
this modelling approach to schedule variable irrigation rates, but the approach may be improved
with measurement of the variation of crop canopy conditions to inform the model. This idea is
consistent with other VRI studies, that show improvement in irrigation management when
dynamic crop conditions are assessed (O’Shaughnessy et al. 2015).
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When comparing the outputs of the soil water depletion model with original, spatially
variable soil properties from within the wheat field to a model with uniform FC and WP values
ranging from -4 to +4 standard deviations above and below their respective mean values
individually, it is observed that substantial changes occur within the average soil water depletion
levels from the root zone. These changes would either suggest the need to add either more or less
irrigation at a time, or more or less often, depending on the values of FC, WP and TAW. This
might be correct for some areas of the field, but incorrect for other areas, thus causing either over
or under-watering and eventually leading to early onset of crop water stress or excess drainage
without recognition from the model. As these outputs affect the irrigation management of the
field, soil properties would benefit from being spatially variable and specific to the field that is
being modeled.
Spatial variability of spring soil moisture content within the soil profile has been observed to
be a predicting factor of the spatial variability of onset of crop water stress (Svedin, et al. 2019).
Having uniform, above average spring VWC values resulted in little change to Ks, ETc adj, and
soil water depletion within the root zone throughout the field with the current irrigation and
precipitation events that occurred during the 2019 season. As spring VWC values became further
below the field average, Ks and ETc adj both decreased, while soil water depletion increased,
signifying more stress within the field throughout the season. If spring soil moisture values were
set at standard deviation values above its mean, and the irrigation recommendations were made
from those points, the field would have been under irrigated in parts of the field, but the model
would have indicated that stress was still low in those areas of the field. The opposite would
occur if spring soil moisture content was uniformly low throughout the field. The model would
indicate the field needed to be irrigated, when parts of it may not need irrigation, and thus
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drainage would occur without the model knowing. This suggests the need for spatially accurate
input of spatial spring soil moisture content within the soil profile.
The adjusted Kc values were created by taking the mean value and standard deviation of LAI
data from the field on June 25 and converted to standard deviation values in Kc and then added
or subtracted from the full canopy Kc value and adjusted through the rest of the season. All
outputs were more sensitive to the negative change in Kc values, and generally had a high impact
or ranking. Kc values were changed to values that were generally not used within a Kc,
especially for a winter wheat crop, so some of these changes in the Kc values may seem extreme,
and could be a factor as to why they had so much impact on the different outputs. Changes in the
outputs could also be affected differently from the Kc values due to the different irrigation rates
that were applied to different sections of the field, suggesting that multiple factors or inputs can
affect each other in how they impact the outputs of the model. As Svedin et al. (2019) suggested,
having a variable Kc could improve the model by addressing the different growth rates of the
crop due to the different irrigation rates that affect the rate of growth for each zone. Also,
looking into how the interaction of these inputs affect the outputs of the model will assist in
understanding the need for accuracy of each input.

CONCLUSION
This study combines field observations and assessment of model sensitivity to evaluate the
roles of soil properties, dynamic factors on soil and crop water dynamics, and crop coefficients
in irrigated winter wheat within a soil water depletion model based on the standards of Allen,
1998 and the FAO evapotranspiration equation. The study evaluated the potential use of energy
balance and water balance equations to model within-field and within-season variability of soil
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and crop water dynamics for potential applications in managing variable rate irrigation. Even
though the field is generally perceived to have little spatial variability, substantial variation in
soil properties (FC, WP, TAW) and topographical features (elevation and slope) were found.
Two validation approaches supported the modelling approach for predicting within field
variation of soil water dynamics and crop water stress. The modelling approach effectively
assessed onset of crop water stress. Outputs (average Ks, average ETc adj and average soil water
depletion within the root zone) from the original model based on spatially variable values of
spring soil moisture content, FC, WP, and TAW, with a uniform crop coefficient for winter
wheat were compared to models with different values of soil properties (FC, WP and TAW),
spring soil moisture content and crop coefficient values based on different ranges of standard
deviation changes from the inputs’ respective mean values. Variable FC, WP, spring VWC and
Kc values were all important factors in depicting accurate temporal and spatial Ks, soil water
depletion and evapotranspiration in order to accurately make VRI recommendations. While WP
did have an effect on the model, it was not as strong as the other input values. Adjusting for crop
coefficients resulted in large changes of Ks and soil water depletion within the root zone,
especially when changes were in the negative standard deviation direction. While output
sensitivity changed depending on which standard deviation of change was performed by a
specific input, all of these input variables play a role in the accuracy of the soil water depletion
model. Further research is required to understand how accurate input variables need to be in
order to create the most accurate model for irrigation recommendations, as well as understanding
if further adjustments need to be made to the model to create more accuracy.

54

LITERATURE CITED
Allen, R. G., Pereira, L. S., Rae, D., & Smith, M. (1998). Crop Evapotranspiration: Guidelines
for Computing Crop Water Requirements. FAO 56, Rome, Italy.
Breshears, D. D. (1987). Uncertainty and sensitivity analyses of simulated concentrations of
radionuclides in milk Fort Collins, CO. MS Thesis, Colorado State University, 1–69.
Carroll, D. A., Hansen, N. C., Hopkins, B. G., & DeJonge, K. C. (2017). Leaf temperature of
maize and Crop Water Stress Index with variable irrigation and nitrogen supply. Irrigation
Science, 35(6), 549–560.
Crick, M. J., Hill, M. D., and Charles, D. (1987). The role of sensitivity analysis in assessing
uncertainty. In: Proceedings of an NEA Workshop on Uncertainty Analysis for Performance
Assessments of Radioactive Waste Disposal Systems, Paris, OECD, 1–258.
Daccache, A., Knox, J. W., Weatherhead, E. K., Daneshkhah, A., & Hess, T. M. (2015).
Implementing precision irrigation in a humid climate - Recent experiences and on-going
challenges. Agricultural Water Management, 147, 135–143.
de Lara, A., Khosla, R., & Longchamps, L. (2018). Characterizing spatial variability in soil
water content for precision irrigation management. Agronomy (Basel) 8(5), 59.
Downing, D. J., Gardner, R. H., & Hoffman, F. O. (1985). An examination of response-surface
methodologies for uncertainty analysis in assessment models. Technometrics, 27(2), 151–
163.
Evans, R. G., & King, B. A. (2012). Site-specific sprinkler irrigation in a water-limited future.
Transactions of the ASABE , 55(2), 493–504.
Evans, R. G., LaRue, J., Stone, K. C., & King, B. A. (2013). Adoption of site-specific variablerate sprinkler irrigation systems. Irrigation Science, 31(4), 871-887.
55

Gardner, R. H: Huff, D. D., O’Neill, R. V., Mankin, J. B., Carney, J., Jones, J. (1980).
Application of error analysis to a marsh hydrology model. Water Resources Res., 16, 659–
664.
Haghverdi, A., Leib, B. G., Washington-Allen, R. A., Ayers, P. D., & Buschermohle, M. J.
(2015). High-resolution prediction of soil available water content within the crop root zone.
Journal of Hydrology (Amsterdam), 530, 167–179.
Hamby, D.M. (1994). A review of techniques for parameter sensitivity analysis of environmental
models. Environmental Monitoring and Assessment, 32(2), 135–154.
Hedley, C. B., & Yule, I. J. (2009a). Soil water status mapping and two variable-rate irrigation
scenarios. Precision Agriculture, 10(4), 342–355.
Hedley, C. B., & Yule, I. J. (2009b). A method for spatial prediction of daily soil water for
precise irrigation scheduling. Agricultural Water Management, 96(12), 1737–1745
King, B. A., Reeder, R. E., Wall, R. W., & Stark, J. C. (2006). Comparison of Site-Specific and
Conventional Uniform Irrigation Management for Potatoes. Applied Engineering in
Agiculture, 22, 677–688.
Lo, T. H., Heeren, D. M., Martin, D. L., Mateos, L., Luck, J. D., & Eisenhauer, D. E. (2016).
Pumpage Reduction by Using Variable-Rate Irrigation to Mine Undepleted Soil Water.
Transactions of the ASABE, 59(5), 1285–1298.
Longchamps, L., Khosla, R., Reich, R., & Gui, D. W. (2015). Spatial and Temporal Variability
of Soil Water Content in Leveled Fields. Soil Science Society of America Journal, 79(5),
1446–145

56

Martin, D. L., Stegman, E. C., & Freres, E. (1990). Irrigation scheduling principles. In G. J.
Hoffman, T. A. Howell, & K. H. Solomon (Eds.), Management of Farm Irrigation Systems
(pp. 155–206). St. Joseph, MI, USA: American Society of Agricultural Engineers.
Messick, R. M., Heaton, M. J., & Hansen, N. (2017). Multivariate spatial mapping of soil water
holding capacity with spatially varying cross-correlations. The Annals of Applied Statistics,
11(1), 69–92.
O’Shaughnessy, S. A., Evett, S. R., & Colaizzi, P. D. (2015). Dynamic prescription maps for
site-specific variable rate irrigation of cotton. Agricultural Water Management, 159, 123–
138.
O’Neill, R.V., Gardner, R. H., and Mankin, J. B. (1980). Analysis of parameter error in a
nonlinear model. Ecol.Modelling, 8, 297–311.
Sadler, E. J., Evans, R. G., Stone, K. C., & Camp, C. R. (2005). Opportunities for Conservation
with Precision Irrigation. Journal of Soil and Water Conservation, 60, 371–379.
Svedin, J. D. (2018). Characterizing the Spatial Variation of Crop Water Productivity for
Variable-Rate Irrigation Management. MSc thesis, Brigham Young University.
Svedin, J. D., Hansen, N. C., Kerry, R., Hopkins, B. G. (2019). Modeling spatio-temporal
variations in crop water stress for variable-rate irrigation. Precision Agriculture ‘19, pp.
687-693.
Woolley, E. A. (2020). Measureing soil water dynamics within variable rate irrigation zones in
winter wheat. MSc thesis, Brigham Young University in Process
Yu, C., Cheng, J-J., and Zielen, A-J. (1991). Sensitivity analysis of the RESRAD, a does
assessment code. Trans. Am. Nuc. Soc., 64, 73–74.

57

FIGURES

Figure 2-1. Image of field research site near Grace, ID, USA with elevation contour lines (m),
soil sample points, and sensor locations.
.
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Figure 2-2. Spatial variation of the following are depicted throughout the field: Figure 2-2A is
Field Capacity, Figure 2-2B is Wilting Point, Figure 2-2C is Total Available Water, Figure 2-2D
is Spring Soil Moisture. These ranges set the upper and lower boundaries for the changes in these
input values within the model.
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Figure 2-3. Irrigation management zones for the 2019 growing season, with zones arranged from
1-5 from left to right.
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Figure 2-4. Plotted values of measured evapotranspiration (ET) against modeled ET, with model
fit statistics (MFS) verifying agreement of the model with the measured data at three timestamps
within the growing season.
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Figure 2-5. Plotted values of measured volumetric water content (VWC) against calculated VWC
from the model, with model fit statistics (MFS) verifying agreement of the model with the
measured data at three sampling dates within the growing season.
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Figure 2-6. Graphs of the change in Average Ks (Fig.2- 6A), change in Average ETc Adj (Fig. 26B), and change in average soil water depletion (Fig. 2-6C) based on changes in inputs (field
capacity, wilting point, spring soil moisture, and Kc value) by -4 to +4 standard deviations from
their mean values.
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TABLES
Table 2-1. Irrigation amounts within each zone throughout the 2019 growing season. Estimated
grower’s standard practice (GSP) rates are compared to the rates of the other irrigation zones
throughout the season.
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